The post-mortem brains of individuals with Parkinson's disease (PD) and other synucleinopathy disorders are characterized by the presence of aggregated forms of the presynaptic protein α-synuclein (aSyn). Understanding the molecular mechanism of aSyn aggregation is essential for the development of neuroprotective strategies to treat these diseases. In this study, we examined how interactions between aSyn and phospholipid vesicles influence the protein's aggregation and toxicity to dopaminergic neurons. Two-dimensional NMR data revealed that two familial aSyn mutants, A30P and G51D, populated an exposed, membrane-bound conformer in which the central hydrophobic region was dissociated from the bilayer to a greater extent than in the case of wild-type aSyn. A30P and G51D had a greater propensity to undergo membrane-induced aggregation and elicited greater toxicity to primary dopaminergic neurons compared to the wild-type protein. In contrast, the non-familial aSyn mutant A29E exhibited a weak propensity to aggregate in the presence of phospholipid vesicles or to elicit neurotoxicity, despite adopting a relatively exposed membrane-bound conformation. Our findings suggest that the aggregation of exposed, membrane-bound aSyn conformers plays a key role in the protein's neurotoxicity in PD and other synucleinopathy disorders.
Introduction
Parkinson's disease (PD) is an age-related neurodegenerative disorder defined by the presence of cytoplasmic inclusions named Lewy bodies, which contain aggregated forms of the protein α-synuclein (aSyn) (Rochet et al., 2012; Shulman et al., 2011; Spillantini et al., 1997) . aSyn is a highly expressed protein that localizes to presynaptic nerve terminals. Several autosomal dominant mutations in the SNCA gene encoding aSyn have been linked to familial forms of PD, including substitutions (A30P, E46K, H50Q, G51D, A53E, and A53T) (Kiely et al., 2013; Kruger et al., 1998; Lesage et al., 2013; Pasanen et al., 2014; Polymeropoulos et al., 1997; Proukakis et al., 2013; Shulman et al., 2011; Zarranz et al., 2004) and gene multiplications (Chartier-Harlin et al., 2004; Singleton et al., 2003) . Some of the substitution mutants have been shown to have an increased propensity to form high molecular weight oligomers (Conway et al., 2000; Greenbaum et al., 2005; Li et al., 2001) , and gene multiplications are predicted to promote aSyn aggregation via mass action (Rochet et al., 2012) . These observations suggest that aSyn oligomerization is a key event in PD pathogenesis. Additionally, aSyn accumulation has been observed in other neurodegenerative diseases referred to as 'synucleinopathies', including dementia with Lewy bodies and multiple system atrophy (Spillantini et al., 1997; Wakabayashi et al., 1998) . A better understanding of the events that initiate aSyn aggregation is critical for designing neuroprotective strategies to treat PD and other synucleinopathy disorders.
aSyn is most commonly expressed as a 14 kDa (140-residue) protein. Biophysical studies have revealed that the protein is natively unfolded in solution (Weinreb et al., 1996) . The protein consists of 3 regions: an N-terminal region, a central hydrophobic region, and a C-terminal region (Fig. 1A) . The N-terminal region spans the first 67 amino acid residues and contains 5 conserved lysine-rich repeats. The central region (spanning residues 61-95) is highly hydrophobic and contains a 6th lysine-rich repeat. Within the central region, residues 71-82 are required for aggregation of the protein (Giasson et al., 2001 ). The C-terminal region spanning residues 96-140 contains many proline residues and acidic residues and is thought to be involved in long-range interactions that stabilize the protein and prevent aggregation (Bertoncini et al., 2005; Dedmon et al., 2005) .
The ability of aSyn to bind phospholipid membranes has been well documented and is presumably necessary for the protein's function in regulating synaptic vesicle trafficking (Davidson et al., 1998; Jensen et al., 1998; Venda et al., 2010) . A number of groups have shown that aSyn interacts with anionic phospholipid vesicles or detergent micelles by forming an amphipathic α-helix (most likely an α11/3 helix) with various lengths, ranging from a short helix spanning residues~1-25 to a long helix spanning residues~1-97 and including the central hydrophobic region (Bartels et al., 2010; Bodner et al., 2009 Bodner et al., , 2010 Bussell and Eliezer, 2003; Davidson et al., 1998; Jao et al., 2004; Jo et al., 2000) (Fig. 1A) . The protein adopts a predominantly broken or continuous α-helical structure upon binding high-or low-curvature membranes, respectively (Chandra et al., 2003; Ferreon et al., 2009; Georgieva et al., 2010; Trexler and Rhoades, 2009; Ulmer et al., 2005) . Interactions involving an N-terminal segment spanning residues 1-25 are critical for membrane binding and for the adoption of an α-helical structure (Bartels et al., 2010) .
aSyn has been shown to undergo accelerated aggregation at the membrane surface when incubated with isolated rat membrane homogenates (Lee et al., 2002) , synaptosomal membranes (Jo et al., 2004) , exosomes (Grey et al., 2015) , detergent micelles (Giehm et al., 2010; Necula et al., 2003) , phospholipid vesicles (Galvagnion et al., 2015) , and supported phospholipid bilayers (Haque et al., 2010; Pandey et al., 2009 ) at relatively high protein:lipid ratios. The increased propensity of aSyn to undergo aggregation in the presence of membranes versus in solution could be because the two dimensional surface of the lipid bilayer increases the probability of molecular interactions needed for oligomerization (Abedini and Raleigh, 2009; Pandey et al., 2009 ). It has also been observed that aSyn exhibits an enhanced propensity to form high molecular weight aggregates in the presence of polyunsaturated fatty acids (PUFAs) (Perrin et al., 2001; Sharon et al., 2003) . PUFAs are thought to stimulate aSyn self-assembly because they are susceptible to oxidation to 4-hydroxy-2-nonenal and 4-oxo-2-nonenal, and the incubation of aSyn with these oxidation products results in the formation of large, covalently crosslinked β-sheet-rich oligomers (Nasstrom et al., 2011; Qin et al., 2007) . Membrane-induced aSyn aggregation may play a role in neurodegeneration by triggering membrane thinning, a process that could result in increased ion permeability (Comellas et al., 2012; Lee et al., 2012; Ouberai et al., 2013; Pfefferkorn et al., 2012; Reynolds et al., 2011) .
Although evidence suggests that phospholipid membranes can stimulate aSyn aggregation, conformational properties of membranebound aSyn favoring its self-assembly are poorly understood. We hypothesize that structural perturbations which disrupt interactions between the central hydrophobic region and the phospholipid bilayer promote the formation of neurotoxic aSyn aggregates at the membrane surface. To address this hypothesis, we characterized a set of aSyn mutants (A29E, A30P, V49E, G51D) in terms of their membrane affinity, membrane-bound conformation, propensity to undergo membraneinduced aggregation, and neurotoxicity as compared to WT aSyn. The rationale for examining these mutants was that their amino acid substitutions were predicted to disrupt aSyn-phospholipid interactions at various sites on the amphipathic α11/3 helix formed by the membrane-bound protein (Fig. 1B) . Our findings suggest a molecular basis for the enhanced neurotoxicity of the familial mutants A30P and G51D, and they yield insight into the molecular features of aSyn that Fig. 1 . aSyn adopts an α-helical structure upon binding phospholipid membranes. (A) Schematic representation of the secondary structure of membrane-bound aSyn. The amphipathic α-helix, shown here spanning the N-terminal region (blue) and the central hydrophobic region (red), and the unfolded C-terminal region (green) are depicted above a map of the polypeptide chain with identical color coding. (B) Helical wheel plot portraying residues 23-66 in the membrane-binding region of aSyn as an amphipathic α11/3 helix. Because A29 and G51 are located on the hydrophobic face of the helix embedded in the membrane, replacement of either residue by an acidic residue is predicted to disfavor membrane binding and helix formation. In contrast, V49 is located on the hydrophilic face of the helix exposed to solvent. Accordingly, the replacement of this residue with an acidic residue should have a less pronounced effect on membrane binding and helix formation, though the proximity of residue 49 to the predicted membrane interface suggests that a negative charge at this position could be repelled by anionic lipid head groups. Residues examined in this study are outlined in red. Basic and acidic residues are highlighted with blue and orange shading, respectively. modulate membrane binding, membrane-induced aggregation, and neurotoxicity.
Materials and methods

Materials
Unless otherwise stated all chemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
15 N-labeled NH 4 Cl was obtained from Cambridge Isotope Laboratories (Tewksbury, MA). L-α-Phosphatidylcholine (PC), L-α-phosphatidylglycerol (PG), and a mixture of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE):1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS):1,2-dioleoyl-snglycero-3-phosphocholine (DOPC) (5:3:2 w/w/w) were purchased from Avanti Polar Lipids (Alabaster, AL). Iodixanol, phospholipid extrusion membranes, and ECF substrate were obtained from GE Healthcare Life Sciences (Pittsburgh, PA). 100 kDa spin filters were purchased from Millipore (Billerica, MA). DMEM, penicillin-streptomycin, the ViraPower Adenoviral Expression System, and LR clonase were obtained from Invitrogen (Carlsbad, CA). The Adeno-X qPCR titration kit was purchased from Clontech (Mountain View, CA). FBS was obtained from Sigma Chemical Co. or Atlanta Biologicals (Flowery Branch, GA). Nuserum and BCA assay reagents were purchased from Thermo Fisher Scientific (Waltham, MA).
Antibodies
The following antibodies were used in these studies: mouse anti-aSyn (Syn-1, catalog number 610787, BD Biosciences, San Jose, CA); AP-linked anti-mouse (Cell Signaling Technology, Danvers, MA); chicken anti-MAP2 (catalog number CPCA-MAP2, EnCor Biotechnology, Gainesville, FL); rabbit anti-TH (catalog number AB152, Millipore, Billerica, MA); and anti-rabbit IgG-Alexa Fluor 488, anti-rabbit IgG-Alexa Fluor 594, and anti-chicken IgG-Alexa Fluor 594 (Invitrogen, Carlsbad, CA).
Protein preparation
The pT7-7 constructs encoding A29E and V49E were a gift from Dr. Peter Lansbury and Dr. Michael Volles (Harvard Medical School) (Volles and Lansbury, 2007) . A cDNA encoding G51D was generated via overlap-extension PCR and subcloned as an NdeI-BamHI fragment into the pT7-7 expression vector. Recombinant aSyn was purified from BL21 (DE3) cells transformed with pT7-7 constructs encoding WT or mutant aSyn as described (Zhang et al., 2013) . To generate 15 N-labeled proteins for NMR analysis, E. coli cells transformed with pT7-7 constructs were grown overnight in LB media and then diluted into minimal media containing 15 N-NH 4 Cl for protein expression as described (Marley et al., 2001 ). Prior to each experiment, protein solutions prepared by resuspending purified, lyophilized aSyn variants were filtered by successive centrifugation steps through a 0.22 μm spin filter and a 100 kDa centrifugal filter to remove aggregates and oligomers.
Lipid vesicle preparation
Egg PG and egg PC suspended in chloroform were mixed at equimolar ratios in a round bottom flask. The PG:PC lipid mixture or a mixture of DOPE:DOPS:DOPC (5:3:2 w/w/w) was dried under a nitrogen stream and placed in a vacuum drier for 2 h to ensure complete removal of the chloroform. The dried lipids were suspended in PBS (10 mM phosphate buffer, 2.7 mM KCl, and 137 mM NaCl, pH 7.4), and small unilamellar vesicles (SUVs) were prepared by extruding the suspension through a 50 nm Whatman membrane 20 times using a mini-extruder system. The diameter of the SUVs was found to be between 50 and 70 nm by dynamic light scattering on a Zetasizer Nano ZS instrument (Malvern Instruments, Worcestershire, UK). SUVs were stored at 4°C prior to use.
Circular dichroism
Far-UV circular dichroism (CD) measurements were performed using a Chirascan SC spectrometer (Applied Photophysics, Leatherhead, UK). Solutions of recombinant aSyn (5 μM in 20 mM KP i , pH 7.4) in the absence or presence of SUVs (lipid:protein ratio, 50:1 to 1600:1 mol/mol) were analyzed in a 1 mm quartz cuvette at 22°C. The ellipticity at 222 nm was recorded, and the data were background corrected (eliminating signals associated with the buffer and SUVs) by subtracting ellipticity values obtained for equivalent samples minus protein. The mean residue molar ellipticity at 222 nm ([θ] MR, 222 ) was calculated using the following equation:
where θ 222 is the observed (background corrected) ellipticity at 222 nm in millidegrees, C is the protein concentration in M, n is the number of amino acid residues in the protein (=140), and l is the path length of the cuvette in cm. Binding curves generated by plotting [θ] MR, 222 versus the lipid concentration were analyzed by fitting to the following equation:
where R is the measured (Shvadchak et al., 2011a) . The data obtained for WT aSyn were fit to Eq. (2) via non-linear regression with R 0 , R f , K d , and N as unconstrained parameters. The data obtained for the aSyn mutants were fit to Eq. (2) with N set to a value determined from the fit of the WT aSyn data (N = 280 or 300 for WT aSyn incubated with PG:PC vesicles or PE:PS:PC vesicles, respectively). This approach of constraining N, necessary to obtain a satisfactory fit of the binding data for the lower-affinity aSyn mutants, is reasonable based on the assumption that the stoichiometry of binding to SUVs with a particular phospholipid composition should be approximately equal for WT aSyn and variants with the same number of residues (Shvadchak et al., 2011a) . To determine the maximum helical content of each aSyn variant, we used the following equations:
where H is the maximum % helicity, θ is the [θ] MR, 222 in the presence of saturating lipid (R f in Eq. 2), θ α is the [θ] MR, 222 value of an idealized α-helical peptide, θ coil is the [θ] MR, 222 value of an idealized random coil peptide, n is the number of amino acid residues in the protein (= 140), and t is the temperature (22°C) (Scholtz et al., 1991; Shvadchak et al., 2011b) .
2D NMR analysis
NMR measurements were carried out using a Bruker Advance 800 MHz spectrometer equipped with a room temperature probe (Billerica, MA) N) increments in the direct and indirect dimensions, respectively. The spectra were processed with NMRPipe (Delaglio et al., 1995) . Assignments listed in the BioMagResBank database (accession number, 18857) matched assignments shown in a previous report (Eliezer et al., 2001 ) and were used in this study. Only small chemical shift changes were observed for ≤3 residues immediately bracketing the substitution site, consistent with previous findings (Bodner et al., 2010) . Peak intensities (heights) were determined using Sparky (T.D. Goddard and D.G. Kneller, University of California San Francisco). To monitor residue-specific interactions of aSyn with the membrane, the fractional signal attenuation of each residue peak in the presence versus the absence of SUVs was determined as described (Bodner et al., 2009; Bodner et al., 2010) .
Lipid flotation assay
Solutions of recombinant aSyn in PBS with 0.02% (w/v) NaN 3 were incubated with PG:PC SUVs (lipid:protein ratio, 20:1 mol/mol) at 37°C for 72 or 96 h in a total volume of 60 μL. The final concentration of aSyn in the protein-lipid mixture was 100 μM (determined with a BCA Protein Assay Kit). After incubation, each sample was mixed with 4 mL of 30% (v/v) iodixanol solution and overlaid with 7.0 mL of 25% (v/v) iodixanol and 350 μL of 5% (v/v) iodixanol in a polyalomar tube (Beckman, Miami, FL). All of the above iodixanol solutions were prepared in lipid flotation buffer (10 mM HEPES, pH 7.4, 150 mM NaCl). The samples were spun at 200,000 ×g in a Beckman SW 41 Ti rotor for 4 h at 4°C. The membrane fraction was carefully collected from the 5% iodixanol layer at the top of the gradient and diluted in 11 mL of lipid flotation buffer. Membrane-bound proteins were pelleted via centrifugation at 200,000 ×g for 2 h at 4°C, resuspended in 250 μL of PBS, and stored at −20°C prior to Western blot analysis. In general we found that the rate of aSyn aggregation increased in the presence of SUVs that had been stored for~3-4 weeks at 4°C, apparently because oxidized phospholipids that accumulated during vesicle storage promoted aSyn-membrane binding and self-assembly of the protein at the membrane surface (Griggs, A.M. and Rochet, J.-C., unpublished data).
Western blot analysis
Membrane-bound aSyn isolated by lipid flotation was analyzed by Western blotting. Protein samples were combined with Laemmli buffer (final concentration, 60 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) β-mercaptoethanol, 0.01% (w/v) bromophenol blue) and boiled for 5 min. Denatured proteins were separated via SDS-PAGE on a 4-20% (w/v) polyacrylamide gradient gel (BioRad, Hercules, CA) and transferred to a PVDF membrane (pore size, 0.4 μm). After blocking in 10% (w/v) non-fat milk, the membrane was washed with PBS + 0.5% (w/v) Tween 20 (PBS-T) and probed for aSyn with the Syn-1 primary antibody, diluted 1/1500 in PBS-T with 1% (w/v) BSA. After washing in PBS-T, the membrane was probed with a secondary anti-mouse antibody conjugated to alkaline phosphatase (diluted 1/5000). To visualize the bands, the membrane was exposed to ECF substrate for 30 s, and images were acquired using a Typhoon imaging system (GE Life Sciences, Pittsburgh, PA). Band densities were quantified using ImageJ software (NIH, Bethesda, MD).
Preparation of adenoviral constructs
Adenoviruses expressing aSyn variants were prepared using the ViraPower Adenoviral Expression System (Liu et al., 2008) . cDNAs encoding WT or mutant aSyn were subcloned as KpnI-XhoI fragments into the entry vector pENTR1A, and the inserts from the pENTR1A constructs were then transferred into the pAd/CMV/V5 adenoviral expression vector via recombination using Gateway LR Clonase.
A cDNA encoding enhanced green fluorescent protein (EGFP) was subcloned as a KpnI-XhoI fragment into pENTR1A, yielding the construct pENTR-EGFP. A DNA fragment encoding the herpes simplex virus thymidine kinase polyadenylation signal (TKpolyA) was amplified from pAd/CMV/V5 by PCR and subcloned as an XhoI-EcoRV fragment into pENTR-EGFP, yielding the construct pENTR-EGFP-TKpolyA. A DNA fragment encoding the human synapsin promoter sequence was excised from the vector pAAV2 by digestion with SmaI and KpnI and subcloned into the vector pENTR-EGFP-TKpolyA cut with XmnI and KpnI, yielding the construct pENTR-synapsin-EGFP-TKpolyA. The synapsin-EGFP-TKpolyA insert from this construct was transferred into the pAd/PL-DEST adenoviral vector via recombination using Gateway LR Clonase. pAd/PL-DEST is a 'promoter-less' version of pAd/CMV/V5 (both have the same sequences required for packaging and production of human adenovirus type 5).
The sequence of the DNA insert in each adenoviral construct was verified using an Applied Biosystems (ABI3700) DNA sequencer (Purdue University). Adenoviral constructs were packaged into virus via lipid-mediated transient transfection of the HEK 293A packaging cell line. Adenovirus packaged with the plasmid pAd/V5-DEST/LacZ (Invitrogen), encoding the control protein β-galactosidase fused to the V5 epitope, was also prepared to control for non-specific effects of viral transduction. Adenoviral titers were determined using the Adeno-X qPCR titration kit.
Analysis of relative aSyn expression levels
Relative expression levels of the aSyn variants encoded by different adenoviral constructs were determined via Western blot analysis. Human SH-SY5Y neuroblastoma cells were plated on 6-well plates at a density of 300,000 cells per well in media consisting of RPMI, 10% (v/v) Nuserum, penicillin (100 U/mL), and streptomycin (100 μg/mL). Two days after plating, the cells were transduced with aSyn adenovirus at a multiplicity of infection (MOI) of 37.5-75. After 72 h, the cells were dislodged from the plate by trypsinization, collected by centrifugation, washed with PBS, and lysed in RIPA buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate, 1% (v/v) Triton X-100) with protease inhibitor cocktail (Sigma P8340) and 1 mM PMSF. After centrifugation at 13,000 ×g, the detergentsoluble (supernatant) fraction was recovered and assayed for protein concentration using a BCA Protein Assay Kit. Equal amounts of protein were separated via SDS-PAGE on a 12% (w/v) polyacrylamide gel and analyzed via Western blotting as described above for the analysis of membrane-bound aSyn isolated by lipid flotation.
Preparation and treatment of primary mesencephalic cultures
Primary midbrain cultures were prepared via dissection of day 17 embryos obtained from pregnant Sprague-Dawley rats (Harlan, Indianapolis, IN) using the methods approved by the Purdue Animal Care and Use Committee, as described (Cooper et al., 2006; Liu et al., 2008; Strathearn et al., 2014) . The mesencephalic region containing the substantia nigra and ventral tegmental area was isolated stereoscopically, and the tissue was treated with trypsin (final concentration, 26 μg/mL in 0.9% [w/v] NaCl). Dissociated cells were plated on 48-well plates (pretreated with poly-L-lysine, 5 μg/mL) at a density of 163,500 cells per well in media consisting of DMEM, 10% (v/v) FBS, 10% (v/v) horse serum, penicillin (100 U/mL), and streptomycin (100 μg/mL). Five days after plating, the cells were treated for 48 h with cytosine arabinofuranoside (20 μM, 48 h) to inhibit the growth of glial cells. At this stage (7 days in vitro), the cultures were transduced with adenovirus encoding aSyn, β-galactosidase, or synapsin/EGFP for 72 h at an MOI of 7.5 to 15. The MOIs of adenoviruses encoding aSyn variants were adjusted to ensure equal expression levels based on data from Western blot analysis of lysates from transduced SH-SY5Y cells as outlined above (for each virus, the MOI used to transduce primary midbrain cultures was 5-fold less than that used for the transduction of SH-SY5Y cells).
After incubation in fresh media for an additional 24 h, the cells were fixed in 4% (w/v) paraformaldehyde in PBS and subsequently permeabilized for 1 h with PBS, 0.3% (v/v) Triton X-100, 1% (w/v) BSA, and 10% (v/v) FBS. For experiments aimed at monitoring relative dopaminergic cell viability or neurite lengths, the cells were treated for 48 h at 4°C with chicken anti-MAP2 (1:2000) and rabbit anti-TH (1:500) primary antibodies. The cells were then washed with PBS and treated with Alexa Fluor 594 goat anti-chicken and Alexa Fluor 488 goat antirabbit secondary antibodies (both at 1:1000) for 1 h at 22°C. For experiments aimed at determining adenoviral transduction efficiencies, cells transduced with virus encoding EGFP downstream of the synapsin promoter were treated for 48 h at 4°C with chicken anti-MAP2 (1:2000) or rabbit anti-TH (1:500) primary antibody. The cells were then washed with PBS and treated with Alexa Fluor 594 goat antichicken or Alexa Fluor 594 goat anti-rabbit secondary antibody (both at 1:1000) for 1 h at 22°C. After a final wash with PBS, prolong gold antifade reagent with DAPI was applied to each culture well before sealing with a coverslip.
Measurements of primary dopaminergic cell viability
Relative dopaminergic cell viability was assessed by counting MAP2-and TH-immunoreactive primary neurons in a blinded manner using a Nikon TE2000-U inverted fluorescence microscope (Nikon Instruments, Melville, NY) equipped with a 20 × objective (Cooper et al., 2006; Liu et al., 2008; Strathearn et al., 2014) . A minimum of 10 random fields of view were chosen to provide representation of the whole well. Approximately 300-500 MAP2 + neurons were counted per experiment for each treatment. Each experiment was repeated using cultures isolated from at least 3 different pregnant rats. The data are expressed as the percentage of MAP2 + neurons that were also TH + (this ratiometric approach was used to correct for variations in cell plating density).
Neurite length measurements
Neurite length measurements were carried out on the identical primary midbrain cultures used to determine dopamine neuron viability. Images were taken with the automated Cytation 3 Cell Imaging Reader (BioTek, Winooski, VT) using a 4 × objective. Lengths of MAP2 + processes extending from TH + /MAP2 + neurons with an intact cell body (∼90 neurons per sample) were assessed in a blinded manner using Nikon NIS Elements analysis software (Nikon Instruments, Melville, NY) (Strathearn et al., 2014) .
Statistical analysis
Densitometry data from Western blots and primary neuron viability data were analyzed via ANOVA followed by Tukey's multiple comparisons post hoc test using GraphPad Prism 6.0 (La Jolla, CA). In analyzing percentage cell viability data by ANOVA, square root transformations were carried out to conform to ANOVA assumptions. Neurite length data were analyzed using an approach that accounts for (i) the possibility of multiple neurites arising from a single cell and (ii) the comparison across experiments conducted on different days. Neurite lengths for multiple treatment groups were compared using a general linear model implemented in the GLM procedure of SAS Version 9.3 followed by Tukey's multiple comparisons post hoc test (Cary, NC).
Results
Membrane affinity and membrane-bound conformation of A30P and G51D
The goal of this study was to understand how site-specific perturbations of the amphipathic helical structure of membrane-bound aSyn impact aSyn aggregation at the membrane surface and aSyn neurotoxicity. As a first step, we characterized the familial mutants A30P and G51D in terms of their membrane affinity and membrane-bound conformation, with the aim of then assessing how these properties relate to the variants' relative propensities to undergo membrane-induced aggregation and elicit dopaminergic cell death (see next sections). We focused initially on A30P and G51D because of their importance as familial PD mutants. A30P has been shown by several groups to have a reduced affinity for phospholipids (Jensen et al., 1998; Jo et al., 2002; Perrin et al., 2000) , and the G51D substitution was predicted to interfere with aSyn-membrane interactions by placing a negative charge on the non-polar face of the amphipathic α11/3 helix (Fig. 1B) .
Recombinant, monomeric WT aSyn, A30P, and G51D were incubated with 50 nm SUVs at lipid:protein ratios of 50:1 to 1600:1 (mol/mol). The SUVs had the following lipid compositions: (i) egg PG:egg PC (1:1 mol/mol) and (ii) DOPE:DOPS:DOPC (5:3:2 w/w/ w). These lipid compositions were chosen as each contains anionic lipids necessary for aSyn membrane interactions (Davidson et al., 1998; Jo et al., 2000) . In addition, PG:PC vesicles were used in our previous studies (Haque et al., 2010; Pandey et al., 2009; Zakharov et al., 2007) , and SUVs consisting of DOPE:DOPS:DOPC have a composition similar to that of synaptic vesicles (Takamori et al., 2006) . Changes in aSyn conformation associated with membrane binding were monitored by far-UV CD, a technique that reports on the increase in aSyn α-helicity upon interaction of the protein with phospholipids (Davidson et al., 1998; Jo et al., 2000) . Consistent with our previous data (Zakharov et al., 2007) , the far-UV CD spectrum of WT aSyn was characterized by (i) a minimum at 198 nm in the absence of SUVs and (ii) a maximum at 192 nm and minima at 208 nm and 222 nm in the presence of SUVs (lipid:protein ratio, 1600:1, mol/mol) ( Supplementary Fig. S1 ).
To compare different aSyn variants in terms of their propensities to adopt an α-helical structure upon binding to SUVs, we used the previously described approach of monitoring the mean residue molar ellipticity at 222 nm ([θ] MR, 222 ) as a function of lipid:protein ratio (Scholtz et al., 1991) . The data obtained for WT aSyn in the presence of PG:PC vesicles revealed a progressive decrease in [θ] MR, 222 with increasing lipid:protein ratios ( Fig. 2A) . The data were fit to Eq. (2) (see 'Materials and methods'), yielding a K d value of 1.1 ± 0.1 μM, a binding stoichiometry (N value) of 280 lipids per protein, and a maximum α-helical content of 49 ± 1% (Table 1 ). The lipid titration curves obtained for A30P and G51D in the presence of PG:PC vesicles were shifted to the right compared to the WT aSyn curve, and the K d values were markedly greater (K d = 3.2 ± 0.4 μM for A30P and 10 ± 2 μM for G51D) ( Fig. 2A, Table 1 ). Although A30P and WT aSyn exhibited similar α-helical contents in the presence of saturating PG:PC vesicles, the maximum helicity observed for G51D was considerably lower (~43 ± 4%) ( Table 1) . Analysis of the far-UV CD data obtained for WT aSyn in the presence of DOPE:DOPS:DOPC vesicles yielded a K d value of 0.21 ± 0.07 μM, a binding stoichiometry of 300 lipids per protein, and a maximum α-helical content of 50 ± 2% (Fig. 2B, Table 1 ). Here again, A30P and G51D bound to the lipids with higher K d values (K d = 2.1 ± 0.5 μM for A30P and 3.1 ± 0.2 μM for G51D), and the maximum helicity observed for G51D (40 ± 2%) was lower than that determined for WT aSyn or A30P. Collectively, these data suggest that (i) G51D and A30P have a reduced affinity for PG:PC and DOPE:DOPS:DOPC vesicles compared to the WT protein; and (ii) the G51D substitution disrupts the α-helical structure of membranebound aSyn in the presence of saturating lipid to a greater extent than the A30P substitution.
To compare the membrane-bound conformations of WT aSyn, A30P, and G51D, 15 N-labeled aSyn variants were analyzed via 2D NMR spectroscopy in the absence or presence of DOPE:DOPS:DOPC vesicles, and -15 N HSQC spectra were recorded (Figs. 3A and B) . This approach is ideal for monitoring residue-specific binding because the signal attenuation of the resonance from a given residue in the presence versus the absence of SUVs is a measure of vesicle binding of that residue. This residue-level monitoring of membrane binding is possible because the partitioning of the residue between a disordered, highly mobile solution state and a membrane-bound state is in the slow-exchange limit on the NMR frequency scale, and the slow rotational motion in the membranebound state results in a resonance linewidth too broad for detection. For each residue of aSyn, I/I 0 is the proportion of molecules in an aSyn/SUV mixture in which the residue remains mobile and in solution, and the fractional attenuation (1 − I/I 0 ) is the proportion of molecules in which the residue is tightly associated with the membrane (Bodner et al., 2009 (Bodner et al., , 2010 . Thus, this approach is useful to analyze which residues on the protein are in greatest contact with the lipid vesicle. We used this method to characterize the aSyn-membrane interaction, and in particular to determine whether the central hydrophobic (aggregation-prone) region was either dissociated or associated in the case of conformers referred to here as 'exposed' or 'hidden', respectively. The fractional population of molecules bound to the membrane in either mode ('total bound population') was determined from the mean attenuation of residues 3-9. Our rationale for this approach was that the Nterminal segment of aSyn has a higher membrane affinity compared to more C-terminal regions (Bartels et al., 2010; Drescher et al., 2008; Shvadchak et al., 2011b) and is lipid-bound in the case of both exposed and hidden conformers (Bodner et al., 2010) . To calculate the fractional population of protein in the hidden state we determined the mean attenuation of residues 66-80, based on the fact that this segment of the central hydrophobic region contains residues that play a key role in aSyn selfassembly (Giasson et al., 2001) , and consistent with a previous report (Bodner et al., 2010) . The fractional population of protein with residues 66-80 in the exposed state was determined by subtracting the hidden population from the total bound population. We found that~84% of WT aSyn molecules were bound to the membrane (Figs. 3C and D; Table 2 ). Of the total WT protein,~36% was in the exposed membrane-bound conformation, whereas~48% was in the hidden state. NMR analysis revealed that~85% of A30P or G51D molecules were bound to the membrane in the N-terminal region, similar to WT aSyn (Figs. 3C and D; Table 2 ). However, the percentage of total protein molecules in the exposed state was increased by a factor of 1.9 and 2.0 in the case of A30P and G51D, respectively. For each variant, examination of the sequence dependence of the NMR signal attenuation associated with membrane binding (from N-to C-terminus) revealed that the decrease in attenuation exhibited by A30P or G51D relative to WT aSyn begins in the region of the amino acid substitution, suggesting that the mutation causes a lifting off of the protein from the membrane (Figs. 3E and F) .
Membrane-induced self-assembly of A30P and G51D
The CD and NMR data outlined above revealed that introduction of the A30P or G51D mutation led to a significant reduction in lipid interactions involving the central hydrophobic region. As this region plays a key role in aSyn aggregation in solution (Giasson et al., 2001) , we postulated that exposure of this region by neighboring aSyn molecules at a high local concentration on the bilayer surface could lead to self-assembly of the protein into membrane-bound aggregates.
To address this hypothesis, we incubated each aSyn variant with The data obtained for the other variants were fit to Eq. (2) with N set to a value of 280. c The reduced maximum helicity determined for G51D implies that this variant's N value could be lower than that of WT aSyn. Because a fit of the binding data to Eq. (2) with N set to a lower value yields an even higher K d value, the membrane affinity of G51D may in fact be over-estimated. d Fitting of the WT aSyn data to Eq. (2) yielded a binding stoichiometry (N value) of 300.
The data obtained for the other variants were fit to Eq. (2) with N set to a value of 300. e This K d value is considered approximate because it is 25-fold less than the concentration of protein in the CD experiment. , and maximum α-helical content were determined from the values of the fit parameters (see Table 1 ). The data are representative of ≥3 experiments (in total, including both lipid compositions).
PG:PC vesicles (lipid:protein ratio, 20:1 mol/mol) at 37°C for 72 or 96 h. The membrane fraction was isolated by lipid flotation (Fig. 4A ) and examined by Western blotting. The lane loaded with the WT protein sample revealed a modest degree of laddering of aSyn immunoreactive bands at 37, 55, 80, and 100 kDa corresponding to SDS-resistant aggregates (Figs. 4B and C). Densitometry analysis of monomeric and oligomeric immunoreactive bands revealed a time-dependent increase in oligomerization between 72 and 96 h. The A30P and G51D variants, which both showed an increase in the proportion of exposed-state molecules in the NMR analysis, displayed more pronounced laddering and an increased overall accumulation of bands in the region of the gel corresponding to a molecular weight range of 55 to~250 kDa. Densitometry analysis of the protein bands revealed that the mutants displayed an 85% and 115-140% increase in the ratio of higher molecular weight species to monomer relative to WT aSyn at 72 and 96 h, respectively (Figs. 4B and C). These results suggest that aSyn variants with an increased exposed-state population have a higher propensity to undergo membrane-induced aggregation. The intensity of the monomer band in the vesicle fraction was greater in the case of A30P and G51D compared to WT aSyn (Figs. 4B and C). Because our CD data revealed a lower membrane affinity for both A30P and G51D compared to the WT protein (Table 1) , we infer that the increased monomer immunoreactivity observed for the mutants must not reflect a greater degree of direct lipid binding. Instead, we interpret these results to mean that unbound monomer is recruited from the bulk solution into membrane-bound aggregates via a seeding mechanism, and thus A30P and G51D samples have a greater protein load at the membrane because they undergo more extensive membraneinduced aggregation. Any recruited monomer bound to membrane- . From these data we determined the fractional populations of exposed and hidden conformers for each variant (see Table 2 associated oligomers via non-covalent interactions would be expected to migrate as the monomeric form under the denaturing conditions of SDS-PAGE. Consistent with this interpretation, analysis of membrane fractions obtained after incubating WT aSyn, A30P, or G51D with SUVs for 2 h at 22°C (a time sufficient for aSyn-lipid binding but not membraneinduced aggregation) revealed similar monomer band intensities for all three variants (data not shown).
Neurotoxicity of A30P and G51D
We examined whether differences in the propensities of WT aSyn, A30P, and G51D to undergo membrane-induced self-assembly correlated with differences in neurotoxicity. To address this question, we characterized the three aSyn variants in terms of their ability to elicit dopaminergic cell death and neurite retraction in a cell culture model consisting of primary midbrain cultures transduced with aSyn-encoding adenovirus. In an initial control experiment, cultures transduced with an adenovirus encoding EGFP downstream of the neuron-specific synapsin promoter were stained for microtubule associated protein 2 (MAP2), a general neuronal marker, or tyrosine hydroxylase (TH), a marker of dopaminergic neurons, and scored for the number of MAP2 + or TH + neurons that expressed EGFP ( Supplementary Fig. S2 ). From this analysis, we determined that the viral transduction efficiency was N90% for both MAP2 + and TH + neurons. Next, primary midbrain cultures were transduced with adenoviruses encoding WT aSyn, A30P, or G51D at MOIs selected to ensure equal expression of all three variants ( Supplementary Fig. S3 ) and stained for MAP2 and TH. Relative dopaminergic cell viability was evaluated by determining the percentage of MAP2 + neurons that were also TH + . We found that cultures expressing WT aSyn did not display a significant loss of dopaminergic neurons relative to an untreated control or a transduction control treated with LacZ virus ( Fig. 5A; Supplementary  Fig. S4A ). In contrast, a significant reduction in the relative number of dopaminergic neurons was observed in cultures expressing A30P (Fig. 5A) or G51D (Figs. 5A and B; Supplementary Fig. S4A ). Similar degrees of dopaminergic cell death were observed in cultures expressing A30P, G51D, or another familial PD mutant, A53T. Further analysis of the same cultures revealed a non-significant trend towards a decrease in the lengths of neurites extending from MAP2 + /TH + neurons in cultures expressing WT aSyn compared to cultures that were untreated or transduced with LacZ virus ( Fig. 5C ; Supplementary Fig. S4B ). Cultures expressing A30P, G51D, or A53T displayed a marked reduction in TH + neurite lengths compared to control cultures or cultures expressing β-galactosidase or WT aSyn (Figs. 5C-E; Supplementary Fig. S4B ).
Because neurite lengths were measured by examining the MAP2 stain, these results suggest that the aSyn-mediated loss of TH + neurons shown in Figs. 5A and B and Supplementary Fig. S4A reflects a decrease in dopaminergic cell viability rather than just a reduction in TH expression. There were no significant differences in the lengths of neurites extending from MAP2 + /TH − neurons in cultures expressing any of the aSyn variants compared to cultures that were untreated or transduced with LacZ virus (Supplementary Fig. S5 ), strongly suggesting that aSyn expression was preferentially toxic to dopaminergic neurons in our model. Together, our findings suggest that aSyn variants with a higher propensity to undergo membrane-induced aggregation also display increased toxicity to primary dopaminergic neurons.
Effects of the A29E and V49E substitutions on aSyn-membrane interactions and membrane-induced aSyn aggregation
The results outlined above revealed that the G51D substitution interferes with aSyn-membrane interactions involving the central hydrophobic region, promotes membrane-induced aSyn aggregation, and enhances aSyn neurotoxicity. Our next objective was to determine the effects of introducing a negative charge at different sites on the amphipathic α11/3 helix of membrane-bound aSyn relative to the G51D mutation. We chose to focus on two mutations, A29E and V49E, because they were previously found to disrupt aSyn-membrane interactions in yeast and in a cell-free system (Volles and Lansbury, 2007) . The glutamate residue of A29E is predicted to be in a similar position on the amphipathic α11/3 helix (relative to the lysine boundary separating the hydrophobic and hydrophilic faces) as the aspartate residue of G51D, though closer to the N-terminus (Fig. 1B) . Because this part of the helix is thought to be embedded in the membrane, we predicted that the A29E substitution would disrupt membrane interactions similar to A30P and G51D. In contrast, the glutamate residue of V49E is predicted to be located on the aqueous side of the membrane interface, less in contact with the membrane. Accordingly, we predicted that the V49E substitution would perturb aSyn-membrane interactions to a lesser extent than A29E, A30P, or G51D.
Using the far-UV CD method described above, we first examined the degree of α-helicity of A29E and V49E relative to WT aSyn in the presence of increasing amounts of PG:PC and DOPE:DOPS:DOPC lipid vesicles. The lipid titration curves obtained for A29E and V49E in the presence of PG:PC vesicles were significantly shifted to the right (with greater K d values; K d = 7.5 ± 0.7 μM for A29E and 2.5 ± 0.4 for V49E) compared to the WT aSyn curve (Fig. 6A, Table 1 ). The degree of the rightward curve shift was greater for A29E than for V49E, and both variants displayed similar α-helical contents at saturating lipid concentrations compared to the WT protein. Similar results were observed for the three aSyn variants in the presence of DOPE:DOPS:DOPC vesicles (K d = 5 ± 1 μM for A29E and 1.8 ± 0.4 for V49E) (Fig. 6B, Table 1 ). Collectively, these data indicate that (i) A29E and (to a lesser extent) V49E have a reduced affinity for PG:PC and DOPE:DOPS:DOPC vesicles compared to WT aSyn; and (ii) the α-helical content of A29E and V49E is similar to that of the WT protein in the presence of saturating lipid.
Next, we investigated the membrane-bound conformation of the A29E and V49E variants via 2D NMR spectroscopy. (Figs. 7A and B) . We found that A29E displayed a slight reduction in the total bound population and exhibited the greatest Fig. 6 . A29E and V49E display reduced membrane affinity relative to WT aSyn. Solutions of recombinant aSyn variants were analyzed by far-UV CD as in Fig. 2 . Each aSyn variant was incubated with increasing concentrations of SUVs composed of egg PG:PC (A) or DOPE:DOPS:DOPC (B) (the data for WT aSyn are identical to those presented in Fig. 2) . The data were fit to Eq. (2), and values for K d , minimum [θ] MR, 222 , and maximum α-helical content were determined from the values of the fit parameters (see Table 1 ). The data are representative of ≥3 experiments (in total, including both lipid compositions). percentage of molecules in the exposed state of all the aSyn variants examined in this study, with~78% of the total protein populating this state (corresponding to a 2.2-fold increase relative to WT aSyn) (Fig. 7C , Table 2 ). In contrast, only 49% of total V49E molecules were found to populate the exposed state, corresponding to a 1.4-fold increase over the WT protein (Fig. 7D , Table 2 ). Examination of the sequence dependence of the NMR signal attenuation from N-to Cterminus revealed that the decrease in attenuation exhibited by A29E Fig. 3 ) plotted against residue number for WT aSyn and A29E (C) or WT aSyn and V49E (D) (the data for WT aSyn are identical to those presented in Fig. 3 ). From these data we determined the fractional populations of exposed and hidden conformers for each variant (see Table 2 relative to WT aSyn began in the region of the amino acid substitution, whereas a similar lifting off effect was not apparent in the case of V49E, and the average magnitude of the attenuation decrease observed for this variant was substantially lower (Figs. 7E and F) . These results suggest that the A29E substitution interferes with aSyn-membrane contacts, thereby favoring the exposed conformation, whereas the V49E substitution has a less disruptive effect on aSyn-membrane interactions.
To examine the effects of the A29E and V49E mutations on the ability of aSyn to undergo membrane-induced aggregation, we incubated each aSyn variant with PG:PC vesicles at 37°C for 72 h, and membrane fractions isolated by lipid flotation were analyzed via Western blotting. The data revealed a trend towards a decrease in the oligomer/monomer ratio for A29E, and no difference in the oligomer/monomer ratio for V49E, compared to WT aSyn (Fig. 8) . These results indicate that A29E and V49E do not have an increased ability to undergo membrane-induced aggregation compared to the WT protein despite having a greater propensity to adopt an exposed conformation at the membrane surface.
Effects of the A29E and V49E substitutions on aSyn neurotoxicity
Lastly, we examined the effects of the A29E and V49E substitutions on aSyn neurotoxicity. Primary midbrain cultures transduced with adenovirus encoding WT aSyn, A29E, or V49E were co-stained for TH and MAP2 and scored for relative dopaminergic cell viability. In this set of experiments, we found that cultures expressing WT aSyn displayed either (i) a modest loss of dopaminergic neurons compared to untreated control cultures, but not compared to cultures transduced with LacZ virus (Fig. 9A) ; or (ii) no loss of dopaminergic neurons compared to untreated or β-galactosidase expressing cultures (Fig. 9B) . Our observation that WT aSyn exhibited variable levels of neurotoxicity (or trends towards a neurotoxic effect) in different experiments reflects normal variation inherent to the use of this primary cell culture model, coupled with the reduced neurotoxicity of the WT protein compared to the familial aSyn mutants, and is consistent with our evidence that WT aSynexpressing cultures exhibit a non-significant trend towards a decrease in the lengths of neurites extending from TH + /MAP2 + neurons ( Fig. 5C ; Supplementary Fig. S4B ). A53T-expressing cultures exhibited a significant loss of dopaminergic neurons compared to untreated control cultures and cultures transduced with LacZ virus (Figs. 9A and B) . In contrast, cultures expressing A29E or V49E displayed no reduction in the relative number of dopaminergic neurons compared to untreated cultures or cultures transduced with virus encoding β-galactosidase or WT aSyn. These results suggest that A29E and V49E, two variants with an increased propensity to adopt an exposed, membrane-bound conformation but a weak ability to undergo membrane-induced aggregation compared to WT aSyn, are relatively non-toxic to primary dopaminergic neurons.
Discussion
Identifying aSyn conformers that produce neurotoxic aggregates is a major priority in the PD field, as these species could be potential therapeutic targets. In this effort, many studies have been carried out to characterize aSyn fibrillization in solution but have failed to consistently correlate fibrillization with toxicity (Rutherford et al., 2014; Volles and Lansbury, 2007) . In addition, drug discovery efforts have been aimed at identifying small molecule inhibitors of aSyn fibrillization in solution (Ehrnhoefer et al., 2008; Masuda et al., 2006; Ono and Yamada, 2006 ), yet some reports from clinical trials suggest that this approach may not be effective (Low et al., 2014) . Here, we used a different approach of examining aSyn selfassembly at the surface of phospholipid membranes, and we investigated how this phenomenon relates to aSyn neurotoxicity. Our study involved the use of a combination of approaches that enabled us to monitor membrane affinity, aSyn conformation, membraneinduced aSyn aggregation, and aSyn neurotoxicity. By analyzing a carefully chosen set of aSyn variants with different effects on these parameters, we obtained unique insights into molecular mechanisms by which aSyn could form neurotoxic oligomers at the membrane surface.
Disruption of contacts between the non-polar face of α-helical aSyn and the phospholipid bilayer favors a conformation of membrane-bound aSyn with greater exposure of the central hydrophobic region A number of groups have proposed that reduced membrane interactions in the central hydrophobic region promote aSyn aggregation at the membrane surface (Bartels et al., 2010; Bodner et al., 2009 Bodner et al., , 2010 Dikiy and Eliezer, 2012; Mazumder et al., 2013) . To examine this hypothesis, we characterized the aSyn mutants A29E, A30P, V49E, and G51D in terms of their membrane interactions and propensity to undergo membrane-induced aggregation. These mutants were chosen based on the prediction that their amino acid substitutions would disrupt aSyn-phospholipid contacts at various positions on the amphipathic α11/3 helix (Fig. 1B) . All four mutants exhibited reduced affinity for SUVs with two different phospholipid compositions compared to WT aSyn, although the membrane affinities of A29E and G51D were less than those of A30P and V49E. These results are consistent with previous data suggesting that A30P has reduced membrane affinity (Jensen et al., 1998; Jo et al., 2002; Perrin et al., 2000) and with the following, previously reported rank order of membrane affinities (Volles and Lansbury, 2007) 
Although one group reported that G51D adopted a similar degree of α-helical structure compared to WT aSyn in the presence of DOPG vesicles (Lesage et al., 2013) , a recent study revealed that G51D has reduced affinity for 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) SUVs compared to the WT protein (Fares et al., 2014) , in support of the findings reported here.
Our observation that G51D has a reduced maximum helicity compared to A29E or A30P is likely a result of the more C-terminal position of the G51D mutation in the α11/3 helix compared to the other two substitutions. The aSyn region spanning residues 31-85 has been reported to have lower membrane affinity than the N-terminal segment spanning the first~30 residues (Bartels et al., 2010; Drescher et al., 2008; Shvadchak et al., 2011b) . Interactions involving residues 31-85 with the membrane only become significant after the crowding of neighboring aSyn molecules on the bilayer surface is relieved by the addition of excess lipid. Apparently, attractive forces between this segment of aSyn and the membrane can overcome the disruptive effects of the A29E and A30P mutations in the presence of saturating lipid. In contrast, the summed attractive forces between residues C-terminal to the G51D substitution and the membrane may be too weak to overcome the disruptive effects of this mutation, resulting in a loss of binding of this region even in the presence of excess lipid.
Analysis of aSyn-membrane interactions by 2D NMR enabled us to identify residue-specific interactions that were disrupted by amino acid substitutions in the aSyn variants. We found that all four mutants exhibited similar fractional populations of membranebound molecules -defined as molecules with the segment spanning residues 3-9 in contact with the membrane -compared to the WT protein under the conditions of the NMR experiment (incubation with DOPE:DOPS:DOPC SUVs at a protein:lipid ratio of 1:20). NMR data obtained for the familial mutants A30P and G51D revealed a marked disruption of membrane interactions that started near the site of the mutation and extended through the C-terminal end of the α11/3 helix. These findings are consistent with 2D NMR data obtained for A30P (Bodner et al., 2010) and with NMR results reported for G51D while this manuscript was in preparation (Fares et al., 2014) . Our 2D NMR analysis of A29E revealed a disruption of membrane contacts that began near the site of the mutation and extended into the C-terminal region. In contrast, V49E exhibited more modest perturbations of membrane contacts compared to A29E, A30P, and G51D.
Examination of a helical wheel plot sheds light on possible mechanisms by which aSyn-membrane interactions could be disrupted by different mutations. Although the A29E and A30P substitutions occur at adjacent positions in the aSyn sequence, the mechanisms by which they disrupt membrane binding are different. Introduction of a helixbreaking proline residue at position 30 reduces the membrane affinity of aSyn by destabilizing the α11/3 helix that plays a key role in membrane binding (Jensen et al., 1998; Jo et al., 2002; Perrin et al., 2000) . In contrast, the A29E substitution introduces a negatively charged glutamate residue at a site on the non-polar face of the α11/3 helix that is predicted to be embedded in the hydrophobic (acyl chain) region of the phospholipid bilayer. The A29E mutation shows more extensive disruption of contacts (and weaker affinity observed by far-UV CD) compared to A30P, presumably because of the higher energy barrier associated with introducing a negative charge in the non-polar phase of the bilayer. Residues A29 and G51 are aligned equivalently (i.e. they have the same angular position) on the helical wheel plot of WT aSyn (Fig. 1B) . Thus, the G51D substitution would be expected to have a similar disruptive effect on membrane binding as the A29E mutation because of the high energy barrier associated with inserting a charged aspartate residue in the hydrophobic region of the bilayer. Consistent with this prediction, both G51D and A29E bind SUVs with weaker affinity (based on far-UV CD data) compared to WT aSyn, although as expected the A29E substitution disrupts membrane contacts at more N-terminal sites compared to the G51D substitution. Although V49 is only two residues N-terminal to G51 in the amino acid sequence, the V49E substitution has a less disruptive effect on membrane interactions and affinity than the G51D mutation, presumably because V49 is situated on the polar face of the amphipathic helix at a site that is expected to be near the protein-membrane interface. Thus, the glutamate residue at position 49 of V49E should not be involved in destabilizing interactions with the nonpolar phase of the bilayer. Instead, it could engage in repulsive electrostatic interactions with anionic phospholipid head-groups, perhaps via a mechanism involving partial helix unfolding (Pandey et al., 2009) .
Collectively, our findings highlight the fact that the degree of exposure of a membrane-bound aSyn variant with a mutation encoding a charged residue depends on the placement of the residue on the amphipathic α11/3 helix relative to the membrane contact region. Disruption of contacts between the non-polar face of the helix and the hydrophobic region of the bilayer results in the protein's adoption of an exposed conformation. Moreover, the introduction of a charged residue at a more N-terminal site on the non-polar face of the helix results in a more extensive disruption of aSyn-membrane interactions.
The adoption of an exposed conformation by membrane-bound aSyn can promote (but is not sufficient for) membrane-induced aggregation Based on the hypothesis that exposure of the central hydrophobic region of membrane-bound aSyn favors aSyn aggregation at the membrane surface (Bartels et al., 2010; Bodner et al., 2009 Bodner et al., , 2010 Dikiy and Eliezer, 2012; Mazumder et al., 2013) , one would predict that A30P, G51D, and A29E, which adopt a relatively exposed conformation in the membrane-bound state, should have a higher propensity to undergo membrane-induced aggregation compared to the WT protein.
Conversely, the V49E mutant, which has a lower tendency to adopt an exposed conformation compared to A30P, G51D, and A29E, should have a reduced ability to undergo self-assembly at the membrane surface compared to the other three mutants. In partial agreement with this prediction, A30P and G51D both display significantly increased aggregation relative to WT aSyn upon incubation in the presence of SUVs, whereas V49E exhibits less membrane-induced self-assembly compared to the two familial mutants. To our knowledge, these data provide the first direct evidence that A30P and G51D undergo enhanced membrane-induced aggregation upon prolonged incubation with SUVs. During the preparation of this manuscript, it was reported that G51D converts from an α-helical structure to a β-sheet-rich structure when incubated with SUVs (Fares et al., 2014) , implying that the oligomers formed in the G51D-lipid mixtures described here have considerable β-sheet structure.
In contrast, the results obtained with A29E do not support the hypothesis that the exposed conformation of membrane-bound aSyn invariably favors membrane-induced aggregation. Although A29E is similar to G51D in terms of its placement of a negatively charged residue on the non-polar face of the α11/3 helix and the degree to which it adopts an exposed conformation, it does not have the same high propensity to undergo oligomerization in the presence of SUVs. Two explanations could account for this finding. First, the length of the N-terminal α11/3 helix adopted by membrane-bound A29E may be insufficient to enable interactions between neighboring aSyn molecules required for self-assembly on the bilayer. However, the fact that the N-terminal helix formed by A29E encompasses a similar number of residues compared to the A30P N-terminal helix (~20 residues in both cases) and that A30P (in contrast to A29E) has a high propensity to undergo membrane-induced aggregation is inconsistent with this explanation. Second, the glutamate residue at position 29 of neighboring, membrane-bound A29E molecules may engage in repulsive electrostatic interactions that interfere with self-assembly on the bilayer. This scenario implies that the introduction of a negative charge at position 29 electrostatically interferes with self-assembly, whereas the G51D substitution does not have the same inhibitory effect, perhaps because contacts involving residue 51 do not play a significant role in aSyn oligomerization on the membrane surface. Consistent with this model, evidence suggests that aSyn forms oligomers on the membrane surface via interactions between the α-helical domains of neighboring protein molecules, and in particular, via parallel interactions involving the helical segment spanning residues~1-40 (Burre et al., 2014) . Although membrane-bound helical aSyn oligomers apparently play a role in the physiologically relevant binding of the protein to synaptobrevin (Burre et al., 2014) , they could also be precursors of pathological, β-sheet-rich aggregates that form on the membrane as a result of exposure of the central hydrophobic region (Comellas et al., 2012; Mazumder et al., 2013; Pandey et al., 2009) .
Together, our observations indicate that the potential impact of a mutation on aSyn self-assembly at the membrane surface is more complex than previously suggested. Namely, the effect of a mutation on the propensity of aSyn to undergo membrane-induced aggregation depends not only on how the mutation alters the distribution of aSyn between exposed and hidden conformers, but also on how it affects interactions between membrane-bound aSyn molecules necessary for higher order assembly on the bilayer. In particular, our findings highlight the importance of contacts involving a segment of the polypeptide chain encompassing residue 29 for membrane-induced aSyn aggregation.
Membrane-induced aSyn aggregation may play a role in aSyn neurotoxicity
A key outcome of our study is the observation that the propensity of aSyn variants to undergo membrane-induced self-assembly correlates with their neurotoxicity. Both A30P and G51D displayed greater membrane-induced aggregation and enhanced toxicity to dopaminergic neurons compared to WT aSyn. In contrast, A29E displayed trends towards decreased membrane-induced self-assembly and reduced neurotoxicity. From these results, we infer that aSyn aggregation at the membrane surface could contribute to aSyn-mediated neurodegeneration in PD. This conclusion is supported by evidence that other neurotoxic aSyn variants, including A53T and the engineered mutant E57K (Reynolds et al., 2011 ) and a series of aSyn variants originally characterized in yeast (Vamvaca et al., 2009; Volles and Lansbury, 2007) (Griggs, A.M. and Rochet, J.-C., unpublished data), have an increased propensity to undergo membrane-induced self-assembly. In addition, we have obtained data showing that the familial aSyn mutants A53T and E46K both have a greater propensity to undergo membrane-induced aggregation and elicit neurotoxicity compared to WT aSyn (Griggs, A.M. and Rochet, J.-C., unpublished data) . By analogy with mutations that disrupt aSyn-bilayer contacts, perturbations that favor a more exposed conformation of the membrane-bound WT protein, including aSyn oxidation (Maltsev et al., 2013) and changes in membrane lipid composition (Fusco et al., 2014) , could contribute to aSyn aggregation and neurotoxicity in sporadic PD.
Multiple lines of evidence suggest that aSyn aggregation at the membrane surface results in a disruption of membrane integrity, apparently via a mechanism involving lipid extraction from the bilayer (Comellas et al., 2012; Lee et al., 2012; Ouberai et al., 2013; Reynolds et al., 2011) . This process of bilayer disruption coupled to the aggregation of membrane-bound aSyn, and/or the formation of the aggregates themselves, could play a role in neurotoxic mechanisms associated with aSyn expression in cellular and animal models, including interference with cellular trafficking (Cooper et al., 2006; Gitler et al., 2008; Soper et al., 2011) or impairment of mitochondrial function or dynamics (Kamp et al., 2010; Nakamura et al., 2011; Parihar et al., 2009) .
Although our results highlight a potential connection between membrane-induced aSyn aggregation and neurotoxicity, they do not exclude the possibility that aSyn triggers neurodegeneration via additional mechanisms, including oligomerization in solution rather than at the membrane surface (Burre et al., 2015) . In the case of G51D, several groups have reported that the mutant protein undergoes oligomerization or fibrillization in solution with similar or slower kinetics compared to WT aSyn (Fares et al., 2014; Lesage et al., 2013; Rutherford et al., 2014) . Thus, the enhanced neurotoxicity of G51D in familial PD patients can be explained by the mutant's high propensity to undergo membrane-induced self-assembly (shown here), as opposed to its relatively modest ability to form aggregates in solution. Our observation that G51D has reduced α-helical content in the presence of saturating phospholipid suggests that the protein could adopt an exposed conformation and form potentially toxic oligomers at the membrane surface at a range of protein-lipid ratios (e.g. resulting from variations in protein expression levels) in vivo. In contrast to G51D, evidence suggests that A30P has an enhanced ability to undergo oligomerization in solution (Conway et al., 2000; Li et al., 2001 ) and in the presence of SUVs (this study) relative to WT aSyn. Accordingly, the enhanced neurotoxicity of A30P in familial PD can be accounted for by both self-assembly mechanisms. A number of engineered aSyn mutants have been reported to have an increased ability to form oligomers in solution and to elicit neurodegeneration compared to WT aSyn (Karpinar et al., 2009; Winner et al., 2011) . A goal for future research will be to determine whether membrane-induced aggregation could play a role in the enhanced neurotoxicity of these and other aSyn variants (Burre et al., 2012) .
Conclusions
In summary, our data show that the A30P and G51D mutations reduce the membrane affinity of aSyn, leading to an increase in the fractional population of the exposed state. Upon incubation, these variants also display increased membrane-induced self-assembly relative to WT aSyn, and this property correlates with increased toxicity to dopaminergic neurons. Our observations support a model wherein the conformation of aSyn on phospholipid membranes plays a key role in initiating the formation of neurotoxic aggregates. However, an increase in the exposed state population is not itself sufficient for membraneinduced aggregation or neurotoxicity, as disrupting interactions between neighboring exposed conformers could impede the formation of toxic aggregates at the membrane surface. Collectively, our findings provide a rationale for alleviating aSyn neurotoxicity in PD and other synucleinopathy disorders by stabilizing aSyn-membrane interactions to favor the hidden state (Fonseca-Ornelas et al., 2014) , or by interfering with the association of exposed conformers at the membrane surface.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.nbd.2015.04.007.
